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Abstract
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currently available distribution sets and their proper use are examined. Finally,
a list of yet-to-be finished tasks and critical challenges in this key area of high
energy physics research is presented.
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1 Introduction

The standard model (SM) has undergone a great deal of development in both the
electroweak [1] and the strong interaction [2] sectors during the past two decades.
On both frontiers, current research focuses on issues of precision and consistency far
beyond those possible in the qualitative leading order picture of the 1970’s. Precision
studies of the SM provide, on the one hand, ever-improving determinations of the
unknown parameters of the theory and, on the other hand, a window into new physics
beyond the minimal theory. These two aspects are, indeed, completely inseparable.

Quantum Chromodynamics (QCD) is a theory of interacting quarks and gluons
and provides the basic description of strong interactions in the standard model. The
quarks also interact with leptons and vector bosons via the electroweak force. How-
ever, physical processes involve only leptons, vector bosons and hadrons. In order to
make meaningful comparisons between theory and experiment, we need a formalism
which relates calculable (elementary) quantities to measurable (physical) ones. For
high energy processes, perturbative QCD provides this framework through “factor-
ization theorems”: physical cross-sections are factorized, to all orders of the QCD
running coupling a,, into a “hard cross-section” among elementary partons and a
“soft part” consisting of universal distribution functions of partons inside hadrons.
In leading order (LO), or tree-approximation, this formalism reduces to the simple
parton model of the earlier years. We have, however, progressed far beyond that.

The universal (i.e., process-independent) parton distribution functions (PDF) play
a central role in SM phenomenology. Many of the most precise tests of the electroweak
theory are currently limited by the lack of reliable PDF. All quantitative calculations
for signals of “new physics” at high energies, as well as standard model processes
(which form significant backgrounds for the new physics), depend on our current
knowledge of the PDF. Most lepton-hadron and hadron-hadron scattering processes
can serve either as a source of information on the PDF, or as testing grounds of
QCD predictions based on known PDF. The systematic analysis of these processes
to extract accurate parton distributions is therefore intrinsically intertwined with all
aspects of high energy physics research.

The relatively simple first generation of PDF no longer satisfy the rigorous de-
mands of current applications. As both theory and experiments have made significant
progress in the level of sophistication and complexity, the second and third generation
parton distribution analyses necessarily involve many non-trivial issues and uncertain-
ties. Not all of these are fully taken into account in currently used PDF. Many of the
subtleties are also unfamiliar or unknown to the average user of these PDF.

The purpose of this article is to: (i) summarize the elements of perturbative QCD
which form the basis of parton distribution analysis (Secs. 2 and 3); (ii) review
the various physical processes which contribute most significantly to this analysis
(Sec. 4); (iii) describe the strategies for global analysis of parton distributions and
discuss in some detail the theoretical, experimental, and phenomenological issues and
uncertainties involved in the global analysis (Sec. 5); (iv) comment on the currently
available distribution sets and their proper use (Sec. 6); and (v) conclude with a list
of unfinished tasks and critical challenges for further progress in this key area of high



energy physics research (Sec. 7).

Due to space limitations, for well-established results we shall only briefly sum-
marize the most relevant elements and, wherever appropriate, refer the reader to
available books and review articles for comprehensive lists of references to the orig-

inal papers. Additional details on many of the topics to be discussed in this review
can be found in the papers in [3].

2 QCD Formalism for Hard Processes

2.1 Factorization Theorems and the Parton Model

In the original parton model, hard-scattering cross-sections are written as the product
of two probabilities: parton distribution functions (the probability of finding partons
of a given flavor and momentum fraction inside the hadron) and the parton level
cross sections (the probability for the hard scattering subprocess to occur). With
the advent of QCD, the fundamental ideas underlying the parton model received
theoretical support through the systematic study of the short distance behavior of
quark and gluon scattering cross sections using perturbative techniques. When the
lowest order expressions of these cross sections are used, one reproduces the simple
parton model.

When higher order terms are included, one encounters divergences which must be
regularized (rendered finite) and properly subtracted (renormalized) in order to yield
meaningful finite results. The systematic subtraction of ultraviolet singularities leads
to the introduction of a running coupling a, {to be discussed in the next section)
which depends on a renormalization scale p. Since a,(g) becomes small for large u
(asymptotic freedom), we obtain a small expansion parameter by choosing u to be
of the order of a large characteristic momentum transfer in the scattering process.
This justifies the use of the perturbative approach for such hard processes. In the
limit of zero-mass partons, which is appropriate for leading power-law (i.e., twist-
2) analysis, one also encounters collinear divergences. Physically, the subtraction of
collinear divergences corresponds to removing the overlap (hence the donble-counting)
between that part of the next order cross-sections with almost collinear and on-mass-
shell lines and the contribution of the corresponding lower order term. The subtracted
higher order correction is ambigous by a finite amount, depending on how much of
the unsubtracted result is reclassified as part of the lower order term. The systematic
treatment of this problem to all orders leads to the concept of parton distribution
functions which depend on a factorization scale. This factorization scale serves to
separate the short- and long-distance portions of the scattering process; therefore, it
should also be of the same order of magnitude as the characteristic large momentum
scale of the physical process. Since the factorization and renormalization scales have
distinct origins, they need not be exactly the same. However, they have to be of the
same order of magnitude in order to avoid logarithms of large ratios. For simplicity, in
subsequent discussions we shall use the symbol u for both scales and do not attempt
to distinguish the two unless necessary.



The precise results of the systematic analysis of the high energy behavior of hard
cross-sections are expressed in a set of factorization theorems. They provide the
theoretical basis of the QCD parton formalism. For comprehensive recent reviews,
see Refs. [4] and [5]. We quote only the most useful results.

For a generic lepton-hadron scattering process £+ A4 — €'+ C + X where C either
represents an identified final-state particle with specific attributes (such as heavy mass
or large transverse momentum) or is null in the case of total inclusive scattering, the
factorization formula for the cross-section (excluding the known lepton vertex) reads:

ol _c(a,p) = Zj: d¢ f5(¢,1) 6% cla.ép, p,0,) (1)

where A is the target hadron label, @ is the parton label, i is the electroweak vector
boson (weak isospin and helicity)} label, {g,p) are the momenta of the vector boson
and the hadron respectively, 4 is the renormalization scale, and £ is the fractional
momentum carried by the parton with respect to the hadron. This basic theorem
expresses the physically measurable cross-section as a convolution of a set of universal
parton distribution functions f§ and a hard-scattering cross section & _ .

Similarly, for a generic hard hadron-hadron collision process A+ B — C + X, the
corresponding factorization theorem, when applicable [4, 5], states:

O-AB'—'C(PA)PB‘PPCJ ) =

Z/l d&a fl dfb f:(fa: p’) &ab—oC(EapAsebPBHu', OC.) f;(&b!ﬂ') (2)
ab ¥ e =s

where {, and { represent the fraction of momenta carried by the two partons with
respect to the two incoming hadrons, &g—.c represents the cross-section of the funda-
mental parton process a+b — C+ X, and x, and z; represent appropriate integration
limits set by the kinematics of the process under consideration.

2.2 Renormalization Scheme- and Scale-Dependence

The factorization theorems hold to all orders in a,; they are only subjected to power-
law (higher-twist) corrections. It is important to note that the physical cross-sections
on the left-hand sides of the factorization theorems are independent of the renormal-
ization scheme and the choice of the scale p (both needed to define the renormalized
hard cross-section &) as they are artifices of the perturbative approach. Thus, the
scheme- and scale-dependence of & on the right-hand sides of these equations must
be compensated by corresponding dependences of the parton distribution functions.
This is the formal origin of the scheme- and scale-dependence of parton distributions.
In particular, a change in the factorization scale z merely amounts to reshuffling finite
contributions between & and fq(«,u)} — due to shifting the boundary which defines
collinear and non-collinear parton lines, as mentioned earlier. Thus, parton distribu-
tion functions are theoretical constructs which are not “physical” (in the sense that
they are unambiguously and directly measurable) as they are often perceived to be.

Truncating the perturbation series at a given order spoils the perfect compen-
sation between the scale-dependences of & and f4(z,x), and hence introduces an
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artificial dependence on the choice of g to the QCD prediction for the cross-section.
This represents an intrinsic uncertainty of the perturbative approach which must be
understood and brought under control in quantitative applications.

The leading-order (LO) QCD formalism consists of using the tree-level results for
the hard cross-section, the one-loop expression for the running coupling (Sec. 2.3),
and parton distributions generated by one-loop evolution kernels (Sec. 3.1). This
formalism provides a remarkably consistent description of a wide variety of large
momentum transfer processes — see Ref. [6] for a review. However, at this level of
approximation, the hard-cross-section has no u-dependence (except through a possible
overall power of o,(x), depending on the process) so that the cross-section acquires
a net p-dependence through fi(z,u). As the scale is not specified other than that it
should be of the order of a large momentum variable, the predictions will vary over
a considerable range when the choice of this variable or the proportionality constant
between p and this variable is changed. For instance, if the relevant region of « in
the parton distributions is above about 0.2, the predictions become monotonically
decreasing functions of the scale. Reasonable variations in the choice of 4, e.g., pr/2
or 2pr in high-pr processes, can cause the predictions to vary by a factor of two or
more.

A related problem is that the scale parameter A in the running coupling (see
Sec. 2.3) is, strictly speaking, not well-defined in LO calculations: changing its value
by any finite factor only leads to corrections of the next order, and hence can be
ignored! Likewise, changes in the factorization prescription affect only subleading
terms and, hence, can be made freely. All these, however, result in different numer-
ical predictions. In summary, the LO formalism suffers from rather severe artificial
factorization scheme- and scale-dependence which limit its usefulness as a quantitative
model of high energy processes.

The next-to-leading order (NLO) formalism - involving NLO hard cross-sections
with 2-loop a, and 2-loop-evolved parton distributions - greatly improves the sit-
uation. All three elements now acquire unambiguous meaning, and the net scale
dependence of the predictions on physical cross-sections is substantially reduced be-
cause the variation in one of these factors will be compensated by the others (except
for even higher order corrections). This compensation is guaranteed by theory (the
renormalization group equation)—provided consistency in the choice of renormaliza-
tion and factorization schemes and scales is maintained in handling all elements of the
calculation. This proviso is crucial because any mixed use of these quantities defined
in different schemes (implicitly or explicitly) spoils the cancellation mechanism and,
hence, gives results no better than the LO formalism.

We conclude therefore: (i) quantitative applications of the QCD-parton formalism
require at least the NLO approximation; and (ii) at NLO, it is essential to explicitly
specify the choice of renormalization and factorization scheme for both & and f3(z, ),
and to maintain the consistency of these. Disregarding this essential feature of the
factorization theorem inevitably leads to misleading results. For instance, it has been
pointed out recently that the scheme-dependence of the gluon and sea-quark distri-
butions can be quite substantial [7]. This can lead to important phenomenological
consequences (cf. Sec. 6).



2.3 The QCD Coupling and Agep

The running coupling a,(x) is the most basic of QCD quantities. We examine some
non-trivial aspects of the QCD coupling function a, in the presence of heavy quarks.
To begin, we recall the standard formulas for a, in 1.O and in NLO in the case of all
zero-mass quarks:

47

Lo _
a (nf!#'/A) = ﬁolog(,u/A)’ (3)
NLO _ 4r _ PBiloglog (u/A)?
o mp /) = Bolog (n/A)? B3 log(pu/A)? )

where n; is the number of (massless) quark flavors and it enters the right-hand side
through the constants,

38n,

33 —2n
Bo=—5—L ! =102 - —+ (5)

If all quarks are massless, the number ny is fixed and the running coupling e, is
determined by a single parameter A ~ the “QCD lambda”. In the presence of massive
quarks, the situation is quite different. According to the decoupling theorem (8], each
heavy quark i with mass m; is effectively decoupled from physical cross-sections at
energy scales u below a certain threshold Q; which is of the order m;. Thus, the
number of effective quark flavors nj‘f ! is an increasing step function of the scale u.
Under this circumstance, the specification of the running coupling a, and the associ-
ated Agcp is not as simple as before. Although this point is fairly well-known, there
still exists confusing and ambiguous statements about these parameters in the current
literature and in conference presentations. Hence, it is worthwhile to summarize the
proper formulation of the problem explicitly.

The definitions of &, and Agcp in the presence of mass thresholds are not unique
— they are renormalization-scheme dependent. A natural choice is based on the re-
quirement that o,(#) be a continuous function of y, and that between thresholds,
it reduces to the familiar MS ¢,[9]. This requirement leads to the condition that
Q¢ = m; (in contrast to 2m,, or even 4m;, as are often used). This choice has the
additional desirable feature that the parton distribution functions so defined are also
required to be continuous across the thresholds. If Eq. (4) is to remain valid with o,
being continuous in g, but ny a discontinuous function of y, it is quite obvious that
the effective value of A must also make discontinuous jumps with x4 at heavy quark
thresholds. The same remark applies if one uses the LO formula for c,, Eq. (3).

Figure la shows a typical a, vs. p plot; and Figure 1b shows the corresponding
Agcp as a function of 2 (bottom scale) and n}f f (top scale). Figure la explicitly shows
that the running coupling function of QCD a,(u) can be unambiguously specified by
giving its value at a (standard) scale, say Mz. On the other hand, as shown in
Figure 1b, this same coupling function is associated with many different values of
Agcp, depending on the number of effective quark flavors and on whether the LO
or NLO formula is used. Thus, if one prefers to define «, by specifying a value of
Agcp, 1t 1s imperative that one specifies the associated n;ff and the order (LO or
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NLO) explicitly. In the recent literature, the second-order MS Agcp with 4 flavors
has increasingly become the standard choice, although that with 5 flavors is also used
- too often without explicit notation.

3 Parton Distribution Functions

3.1 QCD Evolution Equations

The scale dependence of the parton distributions in QCD is generated by the inter-
actions of the quarks and gluons via such elementary processes as gluon emission
from quarks, ¢ — ¢g, gluon emission by gluons, g — gg, and the creation of quark-
antiquark pairs by gluons, g — ¢g. Consider deep inelastic scattering where one of
the quarks in the target nucleon interacts with the relevant electroweak current. This
quark may have radiated gluons either prior to or subsequent to the interaction or
it may have originated from a gluon. In any case, the unobserved radiated partons
must be integrated over the remaining available phase space, the scale for which is
set by p. These radiative corrections are the physical source of the logarithmic scale
dependence predicted by the theory. More precisely, the scale dependence of the par-
ton distributions are governed by a set of coupled integro-differential QCD-evolution
equations, valid to all orders in o, [10, 11]

dqu;,#) = a;(:) Ll% [qu(y)fq(z’ﬂ) + qu(y)fg(-;-,,u.)] (6)
Lol = o) B Is prCo+ PatF G| @

where ¢ = In(g?/A?), and the superscript ¢ is used to denote quark flavors. The
kernels of these equations, F;;(z), correspond to splitting functions for the elementary
processes mentioned before and have the physical interpretation as the probability
density for obtaining a parton of type ¢ from one of type j with a fraction z of the
parent parton’s momentum.

In LO (1-loop) QCD there are four such splitting functions. They can be found
in all standard books and references. The NLO (2-loop) expressions for P;;(z) was
calculated by several groups [12]-{15]. Up until recently, there had been an unresolved
minor discrepancy for part of the function P,, between the results obtained in a
covariant gauge and those obtained using the axial gauge. This has now been clarified:
a detail discussion can be found in [16].

When solving this coupled set of equations it is convenient to define a singlet

distribution _
2z, n) = 3 [f4e, ) + iz, u)] (8)

q

which mixes with the gluon in two coupled evolution equations of the form given
above.

The nonsinglet {or valence) distributions
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fq'(a:,p.) :fq(mr“)“fa(a:i#) (9)
each satisfy an uncoupled equation. In LO, the kernel of this equation is simply the

well-known splitting function Pp(z}. Beyond LO, in addition to higher order term
for P;(z), there emerges another type of non-singlet distribution:

¥ (z,0) = =, 1) + FU(=z, 1) — Bz, p)/n?. (10)

which also satisfies an uncoupled equation with a different kernel function [12]-[15].
This set of equations can be solved numerically, once a set of distributions is
specified at some initial value of u, hereafter denoted by po. Note that in each
case the logarithmic derivative with respect to x at a given value of z is given in
terms of the parton distributions evaluated at the same value of x with momentum
fractions greater than or equal to z. This is of practical interest since experimental
measurements at fixed 4 and beam energy can not reach all the way to = = 0.

3.2 BSystematics of Scale Dependence

The scale dependence of parton distributions has the general feature that f(,x) is
a decreasing function of x at large values of z, and it becomes an increasing function
at small z [17]. This can be understood mathematically by considering the LO non-
singlet evolution equation as described above. Substituting in the expression for )
in the uncoupled equation yields

df?"(iz:,ﬂ') - %&QCFLI‘?J(—I% [(1+y2)fq'(':",#)*2yfq'(z,p)
+ -?—-:?Eri)Cp [*:- +2In(1 — :c)] Fo(z,u) (11)

The first term in Eq. (11) is negative for all = (since f(z, ) is a decreasing function
of ¢ and the argument of the second term is always smaller than that of the first term)
while the second is negative at large z, becoming positive for ¢ < 1 — exp~1 = 0.53.
Therefore, at large values of 2, f(z,n) decreases with increasing z. On the other
hand, the integral of f2* on z from 0 to 1 must remain constant as x varies because it
counts the net number of valence quarks of a given type (the quark-number sum rule).
Thus, f%(z,u) must increase with u at small  to compensate for the decrease at
large z. The physics behind this pattern of scaling violation is simple to understand.
A parton with a given momentum fraction = can radiate another parton, thereby
decreasing its momentum fraction and reducing the value of the parton density at
that value of z. However, the parton density at that value of z will also receive an
increase from partons with higher momentum fractions radiating partons. There is
thus a type of gain-loss competition taking place. Indeed, it is possible to recast
the derivation of the LO evolution equations into such a form, thereby making the
gain-loss terms manifest [18].



The preceding discussion illustrates a general feature of the y dependence of the
parton distributions, namely that the values of the distributions at small z and large
p values are determined in large part by the values of the distributions at large «
and small p values. Thus, a significant fraction of the region of = and g which is
relevant for predictions for high energy collider processes receives contributions via
the evolution equations from regions which are well measured by current experiments.
This feature has made it possible to generate reliable predictions for many processes
in new energy regimes.

3.3 [Extrapolations to Small x

For a high energy process, the most relevant range of = values is given by = ~ [\
where y is a typical momentum scale and /s is the center-of-mass energy. At future
high energy colliders where /s will be very large, many interesting physics processes
taking place at moderate values of g, say 5 - 50 GeV, will probe parton distributions
and interactions at very low values of z. In hadron colliders, processes such as the
production of minijets (jets with moderate values of pr), heavy-flavor (mainly B-
mesons), and low-mass lepton-pairs all belong to this category. The behavior of
parton distributions in this region is not well understood for the following reasons:
(i) theoretically, within the perturbative QCD framework, the occurrence of powers
of log(1/x) (which becomes large in this region) can spoil the conventional (twist-2)
formalism as described up to now; (ii) phenomenologically, even within the standard
approach, the initial parton distributions needed in solving the evolution equation
are largely unknown because no existing data extend into this region. Unfortunately,
for moderate values of i, as we have here, the solutions to the evolution equation are
sensitive to the initial distributions, unlike at large i where their behavior is primarily
driven by the leading singularity of the evolution kernel at z = 0.

The theoretical issues can be further differentiated into several fronts: (i) For fixed
#, the small z limit is analogous to the Regge limit in hadronic processes (s — o)
for which there exists certain conventional wisdom and a large amount of more recent
QCD study [19] pioneered by the work of Lipatov [20]. In particular, the Lipatov
Equation [20] (involving resummation of large log(1/z) factors to all orders) and its
recent generalizations [21] govern the “small-z evolution” of parton distributions for
fixed u; (ii) In the region where both log(u/A) and log(1/z) are large, a different set
of resummation techniques has to be developed. The large body of work on this topic
has been summarized in several recent comprehensive reviews [22]; and (iii) Since
the parton densities increase precipitously as ¢ —+ 0, they will eventually saturate at
some value of  when the packed partons become so dense that they interact strongly
in spite of the small effective coupling [22, 23]. In the saturation region, the parton
picture itself breaks down; one enters an entirely new regime of QCD. All these three
fronts present new challenges for theorists. Much progress has been made in the last
ten years in developing new techniques of calculation in these regions, but they are
not yet at a stage ready for routine applications. We refer interested readers to [19]
for state-of-the-art reviews on this active frontier of research.

All phenomenological analyses of parton distributions based on the usual QCD



formalism use certain assumed parametrizations of the initial distribution functions
which implicitly determine the extrapolated small-z behavior. The conventional
ansatz of a power law behavior f(z, o) ~ 27 as ¢ — 0 for the gluon and sea quarks
with  ranging from -1 (Regge “Pomeron”) to -1.5 [24] is a highly ambiguous propo-
sition as the singular behavior near ¢ = 0 is very sensitive to the unknown value
of po—the effective value of v is a rapidly varying function of ug [25]. Since QCD
evolution due to parton radiation is mainly responsible for the rise of the parton den-
sity at small values of x, it is also natural to assume logarithmic factors of the form
log?(1/z} at a given po. The variation of the parameters v and § with 4o and the
range of values of these parameters consistent with current experiments have been
systematically studied in [25]. The parametrization of the small-z behavior of parton
distributions in the context of global analysis of data will be discussed in Sec. 5.4 and
Sec. T.

4 Reference Processes

4.1 Deep Inelastic Scattering

Deep inelastic lepton-nucleon scattering provided the first evidence in support of
the original parton model. Since then, this process has played a leading role in the
determination of parton distributions because it probes the structure of the target
hadron via the clean and well understood weak or electromagnetic current. In the
LO QCD parton model, the “hard cross sections” reduce to just electroweak coupling
constants multiplied by an on-shell delta function which removes the convolution
integral, so the physically measurable deep inelastic scattering structure functions
become simple linear combinations of the parton distribution functions f3(z,z). For
example, the structure function F; measured in eN or pN scattering has the form

Fl(z,Q)==z) exfi(z,Q) (leading order) (12)

where e, denotes the charge of the quark q. The factorization scale p has been
identified with the characteristic momentum scale @ (virtual mass of the exchanged
vector boson) of this hard scattering process.

The complete set of relationships for all measurable structure functions can be
found in [26]). This kind of direct relationship has led to the wide-spread practice of
referring to the parton distribution functions f4(z,u) also as “structure functions”,
which in turn has fostered the tantalizing misconception among many that parton dis-
tribution functions are “physical” (i.e., directly measurable) objects. Unfortunately,
the simple connection between the two quite distinct concepts holds only in lead-
ing order. Indiscriminant mingling of the two can lead to incorrect conclusions. As
emphasized throughout this review, for quantitative applications of the QCD parton
formalism, it is crucial to recognize the “unphysical” aspects of the parton distribu-
tions (i.e., renormalization scheme- and scale-dependence) as well as their atiractive
physical interpretations.
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In LO order, the gluon distribution affects the measurable structure functions only
via the quark evolution equation, Eq. (6); one must go to higher orders in order to
probe the gluon distribution directly. In NLO, one has

F(2,Q) = ) elfi(z,Q)
q
+ (@)D CiefL+Cief (13)
q

where the symbol ® indicates a convolution. The coefficient functions {C,}+ s were
calculated early in the development of QCD using the MS subtraction scheme (27,
28]. The explicit appearance of the gluon distribution on the right-hand-side of this
equation, however, does not necessarily give a good handle on f§. First, this term is
small compared to the leading quark term; more importantly, it is possible to exploit
the arbitrariness of choice of factorization scheme to define away the entire NLO term
in Eq. (13) (arising from the hard scattering part in the MS-scheme) by absorbing it
into the LO quark term with a new definition of the quark distribution functions (the
soft part of the factorization theorem) [28]. In the new scheme - often referred to as
the DIS-scheme ~ the NLO formula for FJ¥ is, by definition, the same as the LO one
(Eq. (12)), i.e. Cpss = Ciprs = 0, hence there is no apparent gluon dependence.
(We will discuss the issues on choice of scheme below and in Sec. 5.3 and Sec. 7.)
The gluon distribution does, however, contribute directly to the observable longi-
tudinal structure function Fp(z, @) and to the rate of change of the structure function

Fy(z, Q) with respect to Q. Both are intrinsically order o, effects. Specifically, we
have:

F(2,Q)=a Q) | Cio fE +Ci o f§ (14)
q

where the coefficient functions Cp are well-known [27]-[29]. The simplicity of this
equation makes this potentially the best means of measuring the gluon distribution,
especially because the dominant part of the quark term can be related to the mea-
surable F¥(z,Q), cf. Eq. (12) [30].

The rate of change of the structure function F3(z, Q) with respect to Q, is given
by

N td z
Eod . [ o+ (S4) anace] o)
where t = InQ*/A?. Eq. (15) is obtained from the first of the evolution equations
Eq. (6) by multiplying with ze?, and summing over g. Since Fy(z,Q) is the most
accurately measured structure function, this relation offers a useful method to con-
strain the gluon distribution, at least in the region of small = values where the gluon
term in Eq. (15) makes a significant contribution.

In LO, the structure functions, F; (i = 1,2,3) measured in vN or TN scattering
depend on different linear combinations of parton distributions [26]. With sufficiently
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precise data over a wide enough kinematic region, one can separate the valence and sea
quark distributions. However, the various flavors of sea quarks cannot yet be readily
differentiated due to the fact that: (i) quarks of different generations contribute to
the measured quantities in the same way, and (ii) current experimental practice is to
combine the v and 7 measurements (to increase statistics), rather than to use them
separately to yield independent linear combinations of parton flavors . This issue will
be discussed in Sec. 7.

In NLO, both structure functions ¥y, and Fy acquire non-trivial order a, correc-
tions, similar to Eq. (13). This is true even in the DIS scheme which is designed to
make Fj simple, as described above. Since F; has no particular significance in theory,
the DIS scheme does not have any special status except a historical one. This is be-
coming clearer as the application of the QCD formalism expands to an ever increasing
number of physical processes beyond deep inelastic scattering.

Because at least two different schemes are commonly used in the current literature,
and because this has been a continuing source of confusion (and hence misuse of the
QCD parton model, cf., Sec. 5.3 and Sec. 7), it is useful to review the definition of
these schemes and specify the relation between them. The MS-scheme is defined by a
universal prescription to calculate perturbative matrix elements independent of any
physical process [27]. The MS-scheme parton distributions are those which appear in
equations such as Eq. (13) and Eq. (14) with the hard-scattering part (C;) calculated
with the MS subtraction prescription. It can be shown that the quark number sum
rules and the momentum sum rule are automatically satisfied in this scheme. On the
other hand, the DIS scheme, as described above, is specially designed to render the
simple parton model deep inelastic scattering structure function formula Eq. (12) for
F; applicable even at NLO. Comparing the NLO equations for F; in the two schemes,
it is easy to determine the transformation formula for quark distributions defined in
these two schemes:

Fhis = (1 + a(Q)C%75) ® fiag + 0, (Q)Ch ® fE /207, (16)

Within the context of deep inelastic scattering, there is no obvious counterpart to
Eq. (16) for the gluon, since it does not couple directly to the electroweak current.
Among possible choices to specify the gluon distribution in this scheme, the natural
requirement that the momentum sum rule be preserved (in order to maintain the
parton model interpretation) motivates the definition:

fo1s = (1 — 0,(Q)CTH) ® fos — . (Q) Y CL=® fie. (17)

which is adopted by most groups working with the DIS scheme. Because this latter
equation is not unique, it is prudent to ascertain the precise definition of the gluon
when a given set of DIS distributions is used.

As perturbative formulas, Eq. (16) and Eq. (17) can easily be inverted (to O(a,))
in order to derive MS distributions from a given set of DIS distributions. This is safe
as long as the NLO terms remain small compared to the leading term. Two cases in
which this condition is not met has been noted in [7] and they will be discussed in
Sec. 7.
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4.2 W, Z, and Lepton-pair Production

The production of W and Z bosons, as well as massive lepton pairs (via time-like
virtual vector bosons), in hadron collisions is related to one-particle production in
deep inelastic scattering by crossing one lepton and one hadron line. We shall refer to
these processes generically as vector boson production and use 4* as the representative
example except when otherwise noted.

The lowest order process in this case is the Drell-Yan [31] process g§ — v*. As in
the deep inelastic case, gluons contribute in the next order through the elementary
processes gg — 7*q and gg ~ v*g. Results on the Q? and y (or zf) distributions
can be found in [32] and [33]. The ratio of the full O(e,) result to that of the lowest
order, the so-called “K-factor”, was found to be unexpectedly large — about two.
This was largely due to two effects: (i) the continuation of the vector boson mass
Q from space-like values in deep inelastic scattering (where the conventional parton
distributions were defined) to time-like values for vector boson production introduces
a factor of #? in the correction term; (ii) the phase space boundaries for the two
processes are different, which generates some additional large corrections near the
kinematic boundary.

The large corrections raised questions about the reliability of perturbative calcu-
lations and inspired in-depth studies of the nature of these corrections and the means
to control them. Much work have been directed toward calculating the next higher
order terms to gain more information on the corrections. Recently, the full second
order calculation has been completed — see [34] and references therein. An alterna-
tive approach is to identify the origin of the large corrections and then to use this
knowledge to resum the perturbation series, thereby taking into account this type
of correction to all orders. Steady progress has also been made along this line [35].
The two approaches are complementary; it has been shown that the resummed result
(which exponentiates) reproduces the bulk of the next higher order results over most
of the kinematic region—a very encouraging indication that the large corrections can
be “understood” and quantitatively controlled [35]. Further advances can be made
in simplifying the resummed results and in expanding the kinematic regions where
similar techniques can be applied.

Because the exponentiated correction factor has certain universal properties among
hadron-hadron processes, Sterman has suggested that it may be desirable to absorb
this factor into the definition of parton distributions when analyzing hadron pro-
cesses [36]. The “advantage” would be that the remaining hard scattering part would
contain only intrinsic higher order effects. This proposal would result in two classes
of parton distributions — one for lepton-hadron and one for hadron-hadron — which
would be related by known factors. Whether the proposal is adopted in practice or
not, it is only a matter of convention which does not affect the underlying physics if
used consistently, just like the scheme dependence discussed before.

In addition to the integrated cross section and the rapidity distribution, per-
turbative QCD has also been applied to study the pr distributions of vector boson
production. This requires more sophisticated resummation methods because the pres-
ence of more than one large scale (say, @ and pr) which give rise to additional large
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logarithms in regions where their ratio is large. The theory has been well-established
[37, 38]. The first calculation of the W-vector boson pr distribution yielded a qualita-
tive description of measurements at the hadron colliders. A recent NLO perturbative
calculation of the vector boson pr distribution has been shown to merge well into the
resummed formula obtained earlier [39]. Detailed phenomenological work on the anal-
ysis of vector boson pr distribution, especially in the context of providing information
on parton distributions has not yet been done.

4.3 Direct Photon Production

The production of photons with large transverse momentum in hadron-hadron colli-
sions is known to be sensitive to the gluon distribution. The two Born processes, both
of O{aa,), are g§ — vg and gg — vq. In pp interactions the contribution from the qq
subprocess is small, leaving as the dominant term one which is directly proportional
to the gluon distribution. An O{aa?) calculation of the invariant cross section has
been performed [40] and a program for calculating the cross-section based on this
work is widely available. The theory appears to be in good agreement with the data
currently available. Reviews can be found in [6, 41, 42]. Recently, a higher order
calculation of the photon-plus jet cross section has been performed [43, 44] which
also agrees with the available data [45].

Photons, whether real or virtual, or appearing in the initial or final state, are
good probes of hard scattering processes to the extent that they participate directly
in the hard scattering process. However, in the case of photon production, this ap-
parent advantage is diminished by some complications. Specifically, direct photons
are not a priori distinguishable from radiative photons (i.e., bremsstrahlung) accom-
panying high-pr partons produced in regular hadron hard scattering. Such photons
will, however, tend to be produced nearly collinear with the parent parton. Indeed,
one can define photon fragmentation functions [46] which satisfy a set of evolution
equations modified by the addition of an inhomogeneous term. The leading-logarithm
contribution to the solution is independent of input boundary conditions and simple
parametrizations of these are available {6]. The contributions of such terms to the
fully inclusive cross section are generally significant only in the small z region, so
that determinations of the gluon distribution in the mid- to large-z range are not
affected to any large degree. However, in collider experiments it is often necessary
to place rather restrictive isolation cuts on the electromagnetic triggers in order to
obtain a relatively clean sample of direct photons. That is, it is necessary to limit
the amount of hadronic energy in the vicinity of the photon. This cut removes a
portion of the bremsstrahlung signal, but not all of it. Theoretically, this might seem
to render the isolated cross section incalculable (because it is, strictly speaking, not
infra-red safe), but such is not necessarily the case as is discussed in [47]. It is shown
that the isolated photon cross section can be calculated perturbatively as long as the
cuts are not too restrictive.

The higher order calculation described in [43] can take these isolation cuts into
account — the integrations are done using a combination of analytic and Monte Carlo
methods in order to maximize the flexibility of the program with regard to calcu-
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lating different observables. While this is very useful for generating various types of
predictions to be compared with experiment, it is not adequate for incorporation into
a large fitting routine because of the time required to generate accurate answers and
the statistical errors associated with Monte Carlo integration. A new program for the

isolated cross section is being developed which does not utilize Monte Carlo methods
(48].

4.4 Heavy Quark Production

The production of heavy quarks in lepton-hadron and hadron-hadron collisions pro-
vides good tests of QCD. In this case the heavy quark mass sets the large scale needed
to justify the use of perturbative techniques. Charm production in charged current
lepton-hadron scattering experiments has been the main source of information on the
strange quark distribution inside the nucleon. Similarly, its production in neutral
current scattering can determine the charm content of the nucleon. At the higher
energies of ep colliders, bottom and top quark production may also become available.
Heavy flavor production in high energy hadron collisions is sensitive to the small-z
behavior of gluons and quarks.

The LO calculation of heavy quark production in lepton-hadron scattering appears
to be straightforward. The effect of the heavy quark mass has been incorporated in
all existing phenomenological applications in the form of “slow- rescaling” reflecting
the modified on-shell condition for the heavy quark (cf. [26] for a review). But, inter-
estingly enough, none of the existing applications, both theoretical and experimental,
even use the full LO hard matrix element and the complete kinematics appropriate
for heavy quark production which can have equally important effects on the analy-
sis. In addition to the need for correcting these deficiencies, it has been pointed out
recently that, the mixing of heavy quarks with gluons and the abundance of gluons
inside the nucleon require at least the NLO formulation of this process in order to be
meaningful [7, 49}]. NLO calculation of the hard cross-section for this process have
been calculated recently by several groups [49]-[51]. The implementation of the QCD
formalism, even with known NLO hard cross-section, is tricky in the region not far
above the heavy quark threshold where most experimental data lie. The method for
calculating heavy particle production developed in [52], which is used in [49], ensures
physically meaningful results from the threshold to the asymptotic regime.

Heavy flavor production in hadron collisions has, so far, not played any role in
parton distribution analysis, due to the experimental difficulty in measuring the rel-
evant cross-sections. Theoretical calculations on the hard cross-sections have been
carried out to order a} by two different groups.[53, 54]

4.5 Other High-pr Processes

Progress continues to be made on higher order calculations for various types of hard
scattering processes. These types of calculations are important for a variety of reasons
such as performing more precise tests of the standard model and obtaining better esti-
mates of standard model backgrounds to signals of new physics. Most notable among
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purely hadronic processes is the O(a3) calculations of the single jet invariant cross
section {55, 56]. Phenomenoclogical applications of these calculations can place some
constraints on parton distributions or discriminate between existing distributions, es-
pecially for the gluon which gives the dominant contribution to hadron scattering at
high energies.

Another area of QCD applications where much progress has being made is multi-
jet and W + jets production — both at tree level [57] and, recently, at the 1-loop
level [58]. In order to gain control of these complicated calculations, many new
techniques on powerful helicity amplitude analyses, color factor algorithms, and (4-
dimensional) superstring technology have been developed and brought to bear [59].
At present, these calculations can help in understanding the observed experimental
features. However, the phenomenology is still quite far away from being able to
quantitatively give feedback on the parton distributions.

5 Global Analyses

Ideally, the global analysis of parton distributions involves making use of experimen-
tal data from a complete set of physical processes in a QCD analysis to extract a
unique set of universal parton distribution functions. These can then be used in
other applications, e.g., to make predictions for other conventional processes, to pro-
vide stringent tests of the self-consistency of the perturbative QCD framework itself
or of the Standard Model in general, and to search for new physics. We review the
progress which has been made toward achieving this goal. We discuss recent exper-
imental developments and relevant experimental, theoretical, and phenomenological
issues and uncertainties involved in such analyses. For this purpose, it is helpful
to have a global view of the physical processes contributing to parton distribution
analysis, particularly the relevant kinematic ranges covered by the various types of

experiments. A “map” for such a global view was compiled at the Snowmass 90
Workshop [60].

5.1 General Strategies and Review of Recent Developments

Deep inelastic scattering of leptons on nucleon and nucleus targets remains the pri-
mary source of information on parton distributions. For a review of the experimental
results up to 1989, see [61]. The original high-statistics, high-energy data of the early
1980’s, on which the first generation of parton distributions were based, have been
superseded in the last few years by much more accurate data from recent muon-
scattering (BCDMS[62]) and neutrino-scattering (CHARM[63], CDHSW[64], FMM][65]
and CCFR[66]) experiments. The substantial changes in experimental data (up to
15-20% in some regions such as small-z) necessarily make the pioneering parton dis-
tribution sets obsolete for modern applications. Significant recent developments on
the experimental front are:
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(i) the emergence of very accurate new and re-analyzed SLAC-MIT electron-
scattering data [67] as well as the re-analyzed EMC data [68] has finally resolved
the much publicized BCDMS - EMC controversy [69];

(ii) the unveiling of new Tevatron neutrino data [66] [65], expecially those of CCFR,
revealed impressive general agreement with QCD expectations (much like the earlier
results of BCDMS for muon data);

(iii}) new NMC results [70] yield fresh information on differences in the neutron and
proton structure functions and expand the measured kinematic range to ever smaller
values of z.

Recently a comprehensive and easily accessible database on deep inelastic scat-
tering structure functions has been compiled by the Durham-RAL group [71]. This
greatly facilitates future phenomenological work on deep inelastic scattering and on
global analysis in general. As clearly shown in [71], deep inelastic scattering data are
in very good shape as the foundation for parton distribution analysis. In addition,
major advances are eagerly awaited when HERA comes on-line.

However, as is well-known, the inclusive DIS structure functions are mostly sen-
sitive to certain combinations of quark distributions. Hence even the most accurate
DIS data do not place tight constraints on the gluon distribution at intermediate or
large values of # and they are not effective in differentiating all the quark parton
flavors.

Vector boson production - including the production of lepton-pairs, direct photons
at large transverse momenta, and W’s and Z’s ~ provides important complementary
information on parton distributions. Lepton-pair production has several unique fea-
tures: (i) cross-sections in pN collisions are directly proportional to the anti-quark
distributions; (ii) cross-sections in 7 p (and K p) collisions offer one of the few handles
on parton distribution functions in mesons; (iii) the measured A-dependence provides
complementary information on the “EMC-effect” [72]. The relatively new Fermilab
E605 results [73] provide a significant improvement over earlier fixed-target experi-
ments, both in accuracy and in kinematic coverage. Combined analysis of these data
with DIS leads to much more tightly constrained parton distributions than those ob-
tained with DIS data alone [74]. Collider results for this process will offer a significant
opportunity to probe the small-z region (say, z < 1073, see Sec. 7).

Direct photon production is particularly sensitive to the gluon distribution and,
therefore, can play an important role in global analyses (see Sec. 4.3). The mea-
surement of the angular distribution of the photon compared to that for 7°’s in the
parton-parton center of mass frame shows the flatter distribution expected from the-
ory, confirming the presence of direct photons. Combining direct photon and deep
inelastic data together in a simultaneous analysis places much stronger constraints on
the gluon distribution than using deep inelastic scattering data alone, as was shown
in [75]. This analysis used data for the invariant cross section from the WA-70 ex-
periment [76] at 280 GeV /c. The data were sensitive to the gluon distribution in the
region of = from 0.35 to 0.55, thereby complementing the information available from
deep inelastic scattering which is sensitive to the gluon distribution at smaller values
of z. The data available so far will be greatly enhanced by anticipated results from
the Fermilab experiment E706 [77].
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Collider experiments on direct photon production probe gluons at a smaller z re-
gion. Complications due to bremsstrahlung contributions and photon isolation cuts
have been brought under better control. (See Sec. 4.3). New programs are being
developed which will make it possible to include collider data into the global anal-
ysis. Data from CDF and DO in the near future will undoubtedly contribute to the
determination of the gluon distribution.

In principle, additional sensitivity to the gluon distribution can be obtained by
using data for the photon plus jet cross section. Knowledge of the four-vectors of both
the jet and the photon allows the underlying parton kinematics to be more tightly
constrained. This reduces the amount that the parton distributions are smeared
out by the convolutions in going from the parton level to the observed particles.
Furthermore, the useful range in = where the data can be used to constrain the gluon
distribution can be extended if sufficient rapidity coverage is available. To date, such
data have been provided only by one experiment [45] and both the photon and jet
were constrained to be centered on y = 0. However, several other experiments expect
to have new data for this observable in the near future. The benefits which result from
more precise knowledge of the hard scattering kinematics are gained at the expense of
limiting statistics since the data set will be distributed over more bins. It remains to
be seen whether sufficient statistics can be obtained to usefully constrain the fitting
process.

Finally, W and Z production in colliders, especially from the increasingly accurate
measurements at the Tevatron, provides additional information on the parton struc-
ture of the proton [78]. So far, only existing distributions have been used to interpret
the measured results. However, with increasingly abundant and accurate data on the
W-asymmetry, W/Z ratios, etc., one will be able to determine some important aspects
of parton distributions (such as the u/d ratio) from these data. Since the Q? value for
these data is enormous compared to other processes, the relative contribution due to
the charm quark is large, making this a potential source of information for the charm
distribution [79].

5.2 Experimental Considerations and Uncertainties

Due to greatly improved experiments, current global analyses must take into account
many details which were usually left out of earlier efforts. A discussion of relevant
issues has been provided by the Structure Functions and Parton Distributions group
in the 1988 Snowmass Workshop {26]. We shall summarize the key points and refer
the reader to Refs. [26] and (3] for details.

In most modern high statistics experiments, the experimental errors are now pre-
dominantly systematic rather than statistical. Understanding these errors is a major
part of these experiments, and often takes years of effort. Thus it is important to
incorporate the systematic errors in the phenomenological analysis. Since systematic
errors are usually correlated, this is much harder to do than the common practice of
including only the point-to-point statistical errors. Often times, this cannot be done
properly without close cooperation between experimentalists and theorists.

In a global analysis using data sets from a wide range of experiments, additional
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caution is needed. First, even among experiments of the same type, different groups
often apply quite different theoretically motivated “corrections” to the (experimen-
tally corrected) data in arriving at the final results on a given physical quantity. In
deep inelastic scattering structure function measurements, for example, common cor-
rections include: longitudinal structure function (QCD, experiment, or 0), “strange
sea”, “isoscalar”, and “slow rescaling”. The discrepancies resulting from varied prac-
tices in applying these corrections can be quite significant {26] and have sometimes
been found responsible for troubling controversies. (For instance, a part of the well-
known BCDMS-EMC controversy at low values of z is now attributed to the fact
that EMC assumed a vanishing longitudinal structure function while BCDMS used
the QCD prediction [68]). Clearly a valid phenomenological analysis must pay close
attention to all potential sources of discrepancies of this type.

Global analyses usually are based on least chi-square or maximum likelihood meth-
ods. When combining several different types of processes, involving experiments with
a wide range of statistical and systematic errors, the proper definition of overall chi-
square and/or likelihood is not obvious. To obtain precise determinations of the
QCD parameters and parton distributions requires careful thought and a great deal
of systematic phenomenological study. Efforts along this line are only beginning.

5.3 Theoretical Considerations and Uncertainties

The perturbative QCD approach has certain inherent limitations and uncertainties
which need attention in any systematic study. Some of these limitations can be
overcome by further theoretical developments, and hence represent current frontiers
in QCD research. All have to be clearly recognized, and included in the assessment
of uncertainties in state-of-the-art global analyses.

Factorization Scheme: When performing next-to-leading order global analyses
close attention must be paid to the consistent choice of the factorization scheme used
in defining the parton distributions and the hard cross-sections in all processes, as
emphasized in Sec. 2.2. Two schemes — the “DIS” and the “MS” schemes — are
widely used in the literature. In principle, parton distribution functions obtained in
one scheme can be readily transformed into the other scheme. However, the transfor-
mation is not unique, as discussed in Sec. 4.1. Comparison of these two schemes and
cautions on their proper use will be discussed in Sec. 6.

Renormalization and factorization scale dependences: The truncation of the per-
turbation series invariably leads to renormalization and factorization scale dependence
of QCD predictions, as discussed in Sec. 2.2. However, in almost all processes where
beyond leading order results are known, one can clearly see a decrease in the depen-
dence of the predictions on the choice of scale as higher order terms are included. This
underlines the importance of carrying out calculations to adequately higher orders.
Unfortunately, the sensitivity to the choice of scale varies from process to process.
Thus, in practice, the uncertainty associated with the choice of scale can only be
assessed phenomenologically by varying the relevant scales over reasonable ranges.
If significant scale dependence is found to exist in a particular kinematic region for
some process, then the usefulness of such data will be reduced until new theoretical
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techniques are developed to reduce that dependence. (See below.)

Higher order corrections: The uncertainty associated with higher order corrections
beyond current calculations (see Sec. 4) cannot be reliably estimated in general. One
manifestation of this uncertainty is the scale dependence described above. That is,
however, not the whole story. In special kinematic regions, relatively large correc-
tions can be identified on physical grounds. Often times, the bulk of these effects
can be calculated by special resummation techniques. Prominent examples are: the
small-z region, the threshold region (x near 1), and the small transverse momen-
tum region (cf. Sec. 4.2). Advances in these fields help to reduce the uncertainties
and improve the reliability of the phenomenological analyses. Implementation of the
higher-order (or “all-order”) corrections, however, inevitably makes such calculations
quite complicated and more removed from the simple intuitive parton model results.

Higher-twist effects: Contributions to hard scattering cross sections which are
suppressed by powers of the relevant large momentum transfer are referred to as
“higher-twist” corrections. These become insignificant at very high energies in regions
far from the kinematic boundaries, but may not be entirely negligible at moderate
energy scales where a great deal of current data exist. The theory for power-law terms
is known to be much more complicated than the leading twist one [80]. Nevertheless,
factorization properties for the twist-4 corrections to conventional perturbative QCD
have recently been established [81]. The first foundation for phenomenological work
in the relatively low Q2 region appears to be laid. Recent convergence of the wide-
range of high-precision DIS data, spanning the entire range of Q@ from 1 to 300 GeV?,
described earlier, sets the stage for detailed QCD analyses incorporating higher-twist
components. The emerging new results from NMC and E665 will complement existing
data, especially in the small-z region, in a comprehensive phenomenological study.
Since there are many more theoretical unknowns than in the standard twist-two
formalism, realistic applications must invoke certain phenomenological ingredients in
addition to the established theory. If this proves fruitful, it will help improve the
conventional twist-2 QCD parton analysis by providing a smooth transition into the
low Q? range without an arbitrary kinematic cut (see below). An interesting example
of this can be found in the analysis presented in [82].

5.4 Phenomenological Considerations and Uncertainties

Kinematic cuts: The outcome of a given global analysis depends on the selection of
physical processes as well as on the experimental kinematic range of data. To ensure
the applicability of the conventional perturbative QCD formalism, it is desirable to
make reasonably high cuts in dimensional variables such as @, W. On the other
hand, experimental data are usually much more abundant in the low Q region; and,
in addition, it is much easier to get an handle on the predicted logarithmic QCD
scale-dependence at moderate values of Q (as it diminishes at high energies). Thus,
it is important to consider the optimal choice of kinematic cuts in data selection and
to determine the dependence of the results on this choice [74, 83]. As noted in [82],
the inclusion of target mass corrections and phenomenological higher twist terms can
extend the useful @ range to smaller values than would otherwise be the case.
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Nuclear target effects: Our primary concern is the parton structure of the nucleon.
However, many of the key fixed-target experiments in deep inelastic scattering and
lepton-pair production use nuclear targets. The so-called “EMC-effect” [84] demon-
strates that nuclear structure functions are not simple incoherent sums of the cor-
responding nucleon ones — the ratio shows a distinct z-dependence, deviating from
unity by up to 10~15%. Theoretical understanding of this phenomenon is not com-
plete, and lacks predictive power over the full z-range. In practice, corrections are
usually made on a phenomenological basis by using experimentally measured ratios
whenever possible. Whereas this procedure should be quite reliable when applied to
the same physical process, the uncertainty of using correction factors measured with
one probe (muon) on another (neutrino) is not known a prior:.

Normalizations, shapes, and ratios: Under certain situations, theoretical uncer-
tainties in the determination of parton distributions can be reduced by focusing on
specific aspects of measured cross-sections such as the shape of some differential cross-
sections, ratios of cross-sections, and asymmetries. For example, it has been shown
that the shape of the direct photon pr distribution is semsitive to the gluon distri-
bution, whereas the normalization is more dependent on the value of the coupling
constant [75]. Since experimental normalization uncertainties are usually hard to pin
down in the first place, it then makes sense to allow an overall floating normalization
factor for some or all experiments in the global analysis. Note that the overall nor-
malization of the parton distribution functions are constrained by the quark number
and momentum sum rules. Of course, within one experiment, measured cross-section
ratios and asymmetries always have much less associated uncertainty, and thus can
be used with advantage whenever appropriate. For instance, the forward-backward
asymmetry in W production and the W-to-Z production ratio at the hadron colliders,
when they are more accurately determined, are expected to yield valuable information
on the u/d ratio and the charm content of the nucleon.

Eftects from the choice of parametrization of the initial distributions: There is
considerable freedom in choosing the parametric form of the initial parton distri-
butions (at scale Qo) in making the global analysis. The parametrization must be
general enough to accommodate all the possible z and quark-flavor dependences; but
it should not contain so many parameters that the fitting procedure becomes very
much under-determined [74, 83]. In practice, most groups use a functional form

f(2,Q0) = Ag z4(1 — z)43 P*(z) (18)

where a is the flavor label (including the gluon), and P%(z) is a smooth function. The
choice of P*(z) varies considerably — examples include polynomials in z of various
degrees or logarithmic forms such as log*¥(1/z + 1)[74]. To reduce the large number
of parameters to 2 more practical size, various simplifications are usually made (such
as setting the A}’s to specific values and assuming flavor independence of various
coefficients), based on educated guesses. The question is: how are the final results
dependent on these assumptions?

It is very difficult to quantify the uncertainties resulting from the choice of pa-
rameters and the functional form for P,(z), although it is obvious that inappropriate
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choices can bring about misleading results. The small-z behavior of the parton dis-
tributions and the flavor dependence of the sea-quark distributions at a general scale
Q are strongly dependent on the assumptions made about the relevant parameters
for the initial distributions at Q9. The only definitive way to resolve these uncertain-
ties is to compare theory with experiment in processes which are sensitive to these
parameters. This requires persistent work which is updated constantly with advances
in both theory and experiment. Where uncertainties are present, it is very important
to systematically study the limits on the relevant parameters set by existing theory
and experiment. Work in this direction is only beginning [85].

One attempt to reduce the dependence upon ad hoc parametric forms is to gen-
erate as much as possible of the parton distributions via the evolution equations
themselves. Such distributions are generally referred to as radiatively generated par-
ton distributions, a recent example of which can be found in [86]. The basic idea is
to use a minimal set of input parton distributions (say, only valence quarks with or
without gluons) at a relatively small scale Qy, typically in the range of 2A — 3A. The
bulk of the sea and gluon distributions will then be arrived at by evolution, driven
primarily by the valence terms. A review of this approach can be found in [87].

5.5 Parametrizations of Results

The results on parton distributions from a global analysis can be presented in two
ways. First, if the parametrization of the initial distributions and all the QCD pa-
rameters are given, any user can accurately recreate the distributions at all (z, Q)
by using a QCD-evolution program with these as input. This is not usually done.
Instead, the common practice is to approximate the outcome of a global fit over all
(2,Q) by a set of parametrized functions. The way this approximation is made varies
widely between the available distribution sets, ranging from a simple interpolation
formula over a large three-dimensional array (z,@Q, and flavor), to Chebeschev poly-
nomial expansions of the functions, to simple Q-dependent parametrizations of the
form of Eq. (18).

Although, in principle, the form of the approximation is transparent to the user
of the distributions, there are circumstances under which misleading results can arise
from a lack of understanding of the parametrization. For instance, in applications
to very high energy processes, the convolution integral in the QCD parton formula
Eq. (2) often involves extremely small values of  — beyond the range where the
parton distributions were originally derived — resulting in inadvertent extrapola-
tions of the distributions. This can lead to quite unrealistic results if the functions
behave badly beyond the originally intended range (e.g., negative, oscillatory or dis-
continuous — examples of all these cases happen for some existing distribution sets).
The danger is that the user won’t even know that the results are unreliable, unless
they are obviously absurd. This problem is eschewed with a parametrization using
positive-definite functions smooth in both variables (z,Q), such as done in [74] with
P(z,Q) = log"@(1/z + 1) in Eq. (18). (See also [74, 25] for a detailed discussion
of the other advantages of this parametrization).
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6 Survey of Recent Parton Distributions

The first generation parton distribution sets, based on leading order evolution and
data of the early 1980, have been widely used for calculation of high energy pro-
cesses [88]. However, experimental data have drastically improved (and substantially
changed, in some cases) since then, and most current applications require at least
next-to-leading (NLO) order treatment. Therefore, second generation global analyses
based on NLO evolution and more current data have been made by several groups in
recent years. Broadly speaking, these can be categorized into two groups: (1) special-
ized analyses focusing on some specific issue or process (such as the gluon distribution
and direct photon production [75], neutrino scattering [89], and radiatively-generated
parton distributions[86]); and (ii) global analyses encompassing a wide range of pro-
cesses [74, 90, 91, 92]. These analyses differ considerably in many aspects on issues
discussed in the previous section, e.g. the range of data used, the way experimental
errors are treated, the choice of renormalization scheme, and assumptions on the ini-
tial distributions, etc. Consequently, a critical comparison of these distribution sets
is quite difficult, if not impossible.

A compilation of currently available parton distribution sets, both old and new,
has been made at CERN and it has been recently distributed as a program package
PDFLIB[93]. We refer the reader to this package for detailed references and some
comparison plots. It is important to note however, that the very convenience resulting
from having all published distributions at once also tends to encourage indiscriminant
use of these distributions in the hands of inexperienced users, given the complexity of
issues discussed before. We shall highlight some of the most relevant considerations
in putting these distributions in perspective.

In evaluating different sets of parton distributions or calculations of some physical
quantity based on these distributions, it is essentjal that meaningful corresponding
objects are compared. On the parton distribution level, LO, NLO-¥S, and NLO-DIS
distributions, like apples and oranges, should not be compared with one another —
as is often dore, e.g., even in the PDFLIB document [93]. To illustrate this point, we
show in Figure 2a two curves each from the MT-S2 and HMRSB parton distribution
sets corresponding to the same strange quark defined in the DIS and M35 schemes
respectively. The transformation between the two functions is performed according to
Eq. (16). The significant difference between the two functions, especially in the small-
z region, arises from the large contribution of the gluon term on the right-hand-side of
the equation, reflecting the quark-gluon mixing effect in changing from one scheme to
the other. Since the gluon distribution is numerically one order of magnitude larger
than the sea quark, the nominal order a, term can be quite significant compared to
the “leading” term. The actual size of the effect depends very much on the specific
input distributions. Examples where the effect is even larger than shown in Figure
2a can easily be found [49]. Likewise, in Fig 2b we show the same comparison for the
gluon distribution. Note the big difference, in the large-z region, between the curves
for the same distribution in two different schemes (MT-S2(DIS) & MT-S$2(}M5)) — in
contrast to the relatively small difference between the results from the two entirely
independent analyses expressed in the same scheme (HMRS-B & MT-S2(MS). In this

23



case, the large difference arises from mixing of the gluon with the much larger valence
quarks in the large-x region [74]. These results demonstrate that at moderate values
of @, it is almost meaningless to talk about a LO sea-quark or gluon distribution;
only at the NLO level do these quantities acquire unambiguous meaning, provided the
choice of renormalization scheme is specified. In this regard, the situation is rather
like the case for the QCD coupling «,, as discussed in Sec. 2.3.

On the level of physical quantities, LO, DIS, and MS distributions must be convo-
luted with the corresponding LO, NLO-DIS, and NLO-MS hard scattering cross section
formulas in order to yield meaningful predictions, as emphasized in earlier sections of
this review. Applying parton distributions defined in different schemes to the same
hard scattering cross section formula to make comparisons, a practice too often seen
in the literature and conference reports up to now, is simply meaningless and distracts
from real physics issues.

It should be self-evident that, for use in guantitative applications of QCD, the
first prerequisite which the parton distributions should satisfy is that they fit the
well-established data. Paradoxically, this obvious point has been consistently ignored
in the eagerness to present results with either a favorite distribution set, or with
a variety of distribution sets in order to show the supposed range of “theoretical
uncertainties” -— even if these are already known to disagree with current data. It
is worthwhile to point out in this regard that, contrary to general impressions, even
the recent second generation distribution sets do not necessarily fit existing high-
precision data. In Figure 3 we show a representative comparison of BCDMS data
with predictions from three commonly used NLO distribution sets. The significant
departure of the prediction of the widely used DFLM distributions from data is due to
the fact that muon-scattering data were not used in the analysis for their extraction.

There are contemporary applications of QCD, such as certain estimates for LHC
and SSC physics, which do not require NLO accuracy or for which the required NLO
calculations have not been performed. The LO formalism is attractive because the
numerical calculation is generally at least one order of magnitude faster than the NLO
one. Obviously, even in LO calculations, it is desirable to use parton distributions
which agree with current data. It is for this purpose, two recent LO parton distribution
sets have been published [74, 94].

7 Current Uncertainties and Immediate Challenges

In principle, given a complete set of experiments, one can determine all the inde-
pendent parton distributions using the QCD formalism. In practice, due to existing
limitations of both theory and experiment, the program of a comprehensive global
analysis of parton distributions is still in an evolving state. In this section, we discuss
how to assess uncertainties on parton distributions, identify the main areas of current
uncertainty, and spell out the challenges involved in overcoming them.

A seemingly simple way to exhibit the uncertainty on parton distributions is to
plot or tabulate a large number of published distribution sets side-by-side and expose
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the range of differences. An inspection of a typical such plot, e.g., in [93], will show a
rather wide range of variation for all the parton flavors — in apparent sharp contrast
to the extreme accuracy of current experimental data on DIS structure functions from
which these distributions are extracted.[71] Such comparisons are, of course, totally
misleading for reasons already discussed in the previous two sections. A better way,
along the same line, is to make the comparison using only distribution sets defined
in the same scheme, to the same order, and which all fit the relevant current data.
Figure 3 and Figure 4, discussed below, are sensible comparisons of this kind. One
will see that the spread between currently viable distributions of the same type is
much less than what is commonly perceived.

However, even this procedure does not necessarily reveal the true range of uncer-
tainty because different published distribution sets may invoke different assumptions
and use different short-cuts in dealing with the experimental and theoretical issues in
their analysis (see Sec. 5). In addition, in all global analyses, there is a certain arbi-
trariness in selecting the final distributions (for publishing or circulation) from a fairly
wide range of possible fits. In order to gain a quantitative measure of current uncer-
tainties on specific aspects of the parton distributions, only dedicated studies using
clearly defined and consistent procedures make scientific sense. Some steps along this
line have been taken by the various groups in the exploration of the range of possible
small-x behavior 74, 92] (see point (iii) below.) More comprehensive investigations
on the ranges for the shape parameters of the parton distributions and the QCD pa-
rameter A are clearly needed [85]. Indeed, we anticipate the systematic exploration
of this multi-dimensional parameter space, utilizing currently available data as well
as new data, to be the natural frontier of QCD analysis and phenomenology in the
foreseeable future [95).

Generally speaking, the valence quark distributions and the sum of the sea-quark
distributions are already very well determined, as they are directly related to the
accurate data on DIS structure functions from muon (electron) and neutrino scattering
experiments. Figure 4 shows the comparison of these distributions from two recent
independent distribution sets.

As far as the other parton distributions are concerned, three areas of uncertainty
stand out.

(i) The shape of the gluon distribution: Is it relatively soft or hard in the large-z
region? How does it behave at small values of z?

Some progress has been made in this regard in recent years. High statistics deep
inelastic scattering data provide some constraints on the gluon distribution in the
region below z of about 0.3, while fixed target lepton-pair and direct photon produc-
tion experiments probe it in a higher z region, up to 0.6. Figure 5 shows five different
recent MS gluon distributions, each evaluated at Q2 = 20GeV?. The ABFOW distri-
butions [75] were obtained through a joint fit to the BCDMS deep inelastic data and
the WA70 direct photon data. This analysis was intended primarily to demonstrate
the utility of including the direct photon data and is not a true global analysis in the
sense discussed here. The HMRSB [91] distributions were obtained by fitting these
same data and, in addition, data from neutrino deep inelastic scattering and from
lepton pair production. The resulting gluon distributions from these two fits are, as
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would be expected, quite similar, since the data which most strongly constrains the
gluon were the same in each case. The third and fourth gluons comes from the MT
global fits {74] to deep inelastic and lepton pair production data, but do not include
direct photon data. Set MT-S2 has a suppressed strange quark seaz contribution at
the initial value of Qo (as does HMRSB), and its gluon distribution agrees well with
the above two. The MT-51 set uses an SU(3) symmetric sea; the gluons distribution
is somewhat softer than the others above z about 0.25, but is quite similar to them
below that value. Finally, the fifth curve shows the result from a recent analysis by
the BCDMS group [96] using their data and the recently reanalyzed SLAC data. Both
target mass corrections and higher twist terms are included. This new result is very
similar to the gluon distributions from the global fits and is not as soft as the results
reported earlier by the same group [97]. In order to appreciate that some progress has
been made in the determination of the gluon distribution, the spread between these
curves should be compared with the much larger differences between, for example,
the two gluon distributions in [98] (both are LO and based on the same data sets).
Also note the sharp contrast of Figure 5 to similar plots showing a wide spread of the
gluon distribution sets often seen in the literature where apples and oranges are all
thrown in the same basket.

As more NLO calculations for various large momentum transfer processes have
been completed, and as the data have improved, the very soft and very hard gluon
distributions appearing in some older parton distribution sets are clearly no longer
viable. Furthermore, with new data becoming available soon from both fixed-target
and collider experiments, together with improved theoretical understanding of the
uncertainties and newly developed tools to control these as discussed in Sec. 4.3, we
can expect continued progress on this front. In addition, since jet cross-sections are
mostly due to gluon scattering, the increasingly active area of NLO-QCD jet analysis
[78] has the promise of placing useful constraints on the gluon distribution, if not
directly contributing to its extraction.

The results in Figure 5 also serve to underline another point touched on previously.
The only change between the MT-S1 and MT-S52 fits was in the input boundary con-
dition on the strange sea. However, the shape of the resulting gluon distribution was
significantly affected. This is indicative of the manner in which the input assump-
tions can affect the output distributions in unexpected ways. Inclusion of the direct
photon data in these fits might have reduced the spread — this is a point currently
under investigation.

Another method to get a handle on the gluon distribution is through the longi-
tudinal structure function in deep inelastic scattering, as emphasized by the original
papers on QCD. HERA has the potential to finally make this approach realizable [99],
especially in the small-z region [30]. We can anticipate strong constraints over a large
range of z resulting from the simultaneous comparison of data of this type and new
direct photon data from both collider and fixed target experiments.

(ii) Flavor differentiation of the sea quark distributions: Is the strange sea the
same as the non-strange ones? Is up-sea the same as the down-sea?

Most LO parton model analyses of existing data on opposite-sign dimuon pro-
duction in neutrino scattering indicate that the strange-sea content of the nucleon
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is suppressed compared to the non-strange sea at a typical Q, [100], contrary to
the naive expectation of an SU(3) symmetric sea. This feature has been imposed
on some of the parton distribution sets obtained in global fits, as mentioned above.
However, because of the significant gluon-sea-quark mixing at moderate scale @, (see
Sec. 6}, the gluon contribution to this process can be rather large, and hence affect
this conclusion. The on-going analysis of currently available data on dimuon produc-
tion will incorporate the important NLO contributions [101], thus allowing a much
more meaningful determination of the strange quark distribution defined in a specific
renormalization scheme. In the future, the planned next-generation neutrino exper-
iment at Fermilab expects to measure one order of magnitude more dimuon events
[102]. This will allow a definitive QCD analysis of the charm production process,

The new results from NMC([70] raised doubt whether the T and d distributions are
the same, as is usually assumed. In order to settle this issue, it is desirable to exploit
constraints imposed by different sources, such as lepton-pair production and forward-
backward-asymmetry in W production in addition to deep inelastic scattering. The
experimental accuracy for these processes is improving, and careful combined analysis
should allow the determination of the limits on the breaking of flavor SU(2) symmetry
of the sea.

Significant advances in flavor-differentiation of the sea-quarks in general can be
achieved with a definitive experiment on neutrino scattering which will allow the
separate measurement of neutrino- and anti-neutrino structure functions — by way
of the y-distributions of the respective cross-sections. (Currently, due to insufficient
statistics, the structure functions are obtained from the sum and difference of the two
cross-sections supplemented by assumed relations among the structure functions {26].)
This will allow the determination of more linear combinations of parton distribution
functions, and hence provide the necessary information to unambiguously extract
parton distributions of all flavors. Such an experiment has been proposed at Fermilab
for the 1990’s [102]. It should crown the remarkable achievement of the line of DIS
experiments which have always played the central role in the QCD parton framework.

(iii) Small-z behavior of parton distribution functions: What is the range of pos-
sible small-z behavior? Is it possible to calculate the “small-z evoluiion” of parton
distributions?

Predictions on cross-sections for standard model and new physics processes at the
next generation colliders depend critically on the behavior of the parten distribu-
tion functions at small-z values beyond current measurements. Current uncertainty
on this front is rather large. A systematic phenomenological study of the allowed
range of small-z behavior, with current data as constraints, using a generalized ini-
tial distribution function containing a logarithm factor (P(z) of Eq. (18)) in addi-
tion to the traditional power-law reveal an effective power-law exponent in the range
(0,—0.45) at @ = 2.5 GeV converging to the much narrower range of (—0.58, —0.63)
at @ = 10* GeV. (cf. Figure 4 of [25]) In the immediate future, the DIS experiments
NMC[70] and E665[103] will extend the z-range somewhat before the much anticipated
new results from HERA become available. From hadron collider experiments, we ex-
pect low-mass lepton-pair production to be particularly sensitive to small-z behavior
of the parton distribution functions [104]. If the rapidity range of these measurements
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can be expanded beyond the central region, z-values below 10~2 can be effectively
probed. Data from the Tevatron on this process will soon be available for analysis.

As briefly discussed in Sec. 3.3, much theoretical effort is currently devoted to gain-
ing more understanding of the small-z behavior and to develop methods to calculate
the parton distributions in this region. Of particular interest are possible generaliza-
tions of the familiar Q-evolution of parton distributions in other directions on the z-Q
plane — “vertically” toward small-z or “diagonally” toward large s(ox Q3/ z) based
on different resummations in these varied regions. Initial numerical studies of the
currently available formalisms indicate remarkable (and unexpected) agreement be-
tween the various resummation approaches [105]. This lends more credibility to the
existing calculations based on conventional twist-2 QCD, but does not yet provide
useful predictive power toward small-z. Theoretical progress in this direction in the
near future would be most opportune, as comparison with new experimental results
from HERA should provide tests of QCD in yet another dimension.

8 Conclusion

The determination of the universal parton distribution functions in the QCD frame-
work is intimately linked to all aspects of rigorous tests of the Standard Model: the
effort to extract more precise distribution functions from an ever wider range of pro-
cesses becomes inseparable from efforts to check the consistency and to push the limit
of the SM in order to discover signs of new physics. At the same time, knowledge of
these distribution functions allows us to make predictions on anticipated physics mea-
surements at much higher energy regimes than achievable at present. As described
above, much challenging work, both theoretical and experimental, remains to be done.
With regard to global analyses, several near-term goals include the following: (i) in-
clusion of additional direct photon data to further constrain the gluon distribution
with attention being paid to the question of how the scale dependence affects the
resulting distributions and also the effects of isolation cuts and the bremsstrahlung
contribution; (ii) further study of the flavor dependence of the sea distributions and
the inclusion of neutrino produced dimuon data in the analyses; (iii) further study
of the theory and phenomenoclogy of the small-z regime and the inclusion of new re-
sults from HERA for both the longitudinal and transverse structure functions as they
become available; (iv) continued study of appropriate methods for treating the statis-
tical and systematic errors of the different data sets; and (v) systematic investigation
of the range of uncertainty of the QCD parameters, including the shape parameters
of the uncalculable “initial distributions” and of possible experiments to reduce these
uncertainties. With coordinated efforts on all these fronts, QCD analysis and phe-
nomenology is entering an era of unprecedented precision, similar (but of course not
yet comparable) to electroweak phenomenology. It is a very rich field, and it will
continue to play a central role in high energy physics in the context described above.
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Figure Captions

1. (a) @, and (b) Agep as functions of 4 and n}”.

2. Comparison of parton distributions defined in the DIS and M5 schemes: (a) the
strange quark; and (b) the gluon. Two representative distributions from the recent
analyses of the HMRS and MT groups ate shown. Conversion of one scheme to the
other is done according to the text.

3. Comparison of representative data from the BCDMS experiment with predictions
from three recent NLO parton distribution sets: DFLM, HMRSB, and MT-S2,

4. Comparison of the valence distributions from the HMRSB and MT-S2 sets of parton
distribution functions.

5. Comparison of several different MSgluon distributions: ABFOW [75] (solid), HMRSB
[91] (dashed), MT-S1 {74] (dash-short dash), MT-S2 [74] (dash-dot), and BCDMS [96]
(dotted).
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